Background: Several imaging studies have identified localized anatomical and functional brain changes in medicationoveruse headache (MOH). Objective: The objective of this article is to evaluate whole-brain functional connectivity at rest together with voxel-based morphometry in MOH patients, in comparison with episodic migraine (EM) patients and healthy controls (HCs). Methods: Anatomical MRI and resting-state functional MRI scans were obtained in MOH patients (n ¼ 17 and 9, respectively), EM patients (n ¼ 18 and 15, respectively) and HCs (n ¼ 17 and 17). SPM8 was used to analyze voxel-based morphometry and seed (left precuneus) to voxel connectivity data in the whole brain. Results: Functional connectivity at rest was altered in MOH patients. Connectivity was decreased between precuneus and regions of the default-mode network (frontal and parietal cortices), but increased between precuneus and hippocampal/ temporal areas. These functional modifications were not accompanied by significant gross morphological changes. Furthermore, connectivity between precuneus and frontal areas in MOH was negatively correlated with migraine duration and positively correlated with self-evaluation of medication dependence. Gray matter volumes of frontal regions, precuneus and hippocampus were also negatively related to migraine duration. Functional connectivity within the defaultmode network appeared to predict anxiety scores of MOH patients while gray matter volumes in this network predicted their depression scores. Conclusions: Our data suggest that MOH is associated with functional alterations within intrinsic brain networks rather than with macrostructural changes. They also support the view that dependence-related processes might play a prominent role in its development and maintenance.
Introduction
Medication-overuse headache (MOH) is a form of chronic headache (Headache Classification Committee of the International Headache Society, 1988) deriving most often from episodic migraine (EM), as repetitive and excessive intake of acute headache medications reaches a critical threshold in patients (1) . It affects between 1% and 2% of the general population (2) , and up to 30% (in Europe) or 50% (in the United States (US)) of patients in headache clinics (3) .
MOH is a disabling but potentially preventable and treatable disease. Progress in its management needs a better understanding of its pathophysiology. Brain imaging studies in MOH patients have identified both functional and structural cerebral alterations. Positronemission tomography (PET) data have revealed metabolic changes in several brain areas (4) . A recent study (5) reported decreased gray matter volumes in orbitofrontal and anterior cingulate cortices, insula and precuneus, contrasting with increased volumes in periaqueductal gray matter, thalamus and ventral striatum. Morphological findings, however, remain controversial, as previous studies failed to report morphometric gray or white matter changes in patients with migraine or in patients with MOH compared to healthy controls (HCs) (6) (7) (8) , suggesting that brain changes may primarily be biochemical/biophysical. Such discordant findings emphasize the interest of associating functional and morphometric investigations for characterizing the physiopathology of MOH.
Although it was reported that abnormalities in regional brain activation is a feature of MOH, resting functional connectivity (FC), possibly responsible for deficient functional activations, has not been investigated so far. Altered FC in migraine or cluster headache was reported in a few studies, using regional homogeneity techniques (9) , or seed-based FC (10, 11) . In these studies, however, the a priori hypotheses were specifically focused on the pain-processing networks. To our knowledge, no study on whole-brain functional connectivity has been carried out up to now. Abnormal synchronization of the spontaneous fluctuations of resting-state brain networks, notably the default-mode network (DMN), has been found in various diseases (12, 13) . The DMN is defined by intrinsic and correlated activity of selective brain regions (i.e. posterior cingulate/precuneus, medial temporal, and medial prefrontal cortex) when the brain is not involved in an externally imposed goal-directed activity (14) . Dysfunction of this network affects the intrinsic functional brain organization and may explain, in part, how disorders without evident gross structural brain lesions can cause functional impairment (15) . Investigating both wholebrain intrinsic FC and whole-brain morphology might thus provide some clues about the pathophysiological mechanisms underlying MOH.
MOH is defined as a multidimensional disorder that comprises alterations in pain processing and pain modulation (10, 16) , as in other headache types, but also and more specifically, increases in pain catastrophizing and dependence-related behavior (17) . The intrinsic functional organization at rest within networks other than the DMN might thus be disturbed. In migraine, functional magnetic resonance imaging (fMRI) resting-state connectivity is increased in the pain processing network (precentral, postcentral and angular gyri), but decreased in the pain modulating network (prefrontal cortex, anterior cingulate and amygdala) (10) . In addictive behavior, intrinsic FC was found to be modified and to underlie compulsive behaviors. Besides toxic effects, substance abuse may modify functional organization of the brain as a consequence of changes in goal-directed behavior (18) . More specifically, brain circuits of memory and learning, including the hippocampus, and of cognitive control, comprising the dorsal anterior cingulate cortex, are believed to be impaired in addiction. Based on the above, we hypothesized to find dysfunctional connectivity at rest in MOH patients relative to HCs or EMs.
The present study was designed with two objectives: 1) to identify alteration of intrinsic FC and gray matter volume in patients with MOH in comparison to patients with EM and to HCs; and 2) to correlate resting FC/gray matter volumes with clinical features of MOH patients.
Methods Subjects
Fifty-three subjects were included, comprising 17 patients with MOH, 19 patients with EM, and 17 HCs. Patients were recruited from the headache clinic of the Neurological Department of the University Hospital in Bordeaux. They were included if they fulfilled the diagnostic criteria for migraine (International Classification of Headache Disorders, second edition (ICHD-II) 1.1 and 1.2) or MOH with prior migraine (ICHD-II A 8.2). The exclusion criteria were the following: post-traumatic headaches (ICHD-II 5.1 and 5.2); illness interfering with central nervous system functioning; psychotic disorder or current mood disorder; regular use of a psychotropic medication (antidepressant, benzodiazepine, antipsychotic drugs, but anticonvulsant medications were accepted). Moreover, EM patients were excluded if they had suffered a prior episode of MOH. Both groups of migraine patients were off medication for at least 12 hours before the MRI acquisition. HCs were recruited among hospital staff members. The three groups were matched to have comparable age and sex distributions. We obtained local ethics committee approval and written informed consent from all subjects before study initiation. Migraine patients had to provide information about the type of acute headache medication taken, the number of headache medication taken each day, the number of days with headache, and the duration of the migraine illness.
All subjects filled in several self-administered questionnaires and scales: the Beck Depression Inventory (BDI-13 items (19)), the Pain Catastrophizing Scale (PCS (20) ), the State Anxiety Inventory (STAI-state (21)), the Barrat Impulsivity Scale (BIS-11 (22) ), and the Medication Dependence Questionnaire for Headache sufferers (MDQ-H (23)). All subjects also underwent an Iowa Gambling Task (IGT) (24) in order to detect putative decision-making impairments.
Every subject but one EM patient of the initial sample underwent the anatomical scan (17 MOH, 18 EM, 17 HCs). Nine patients with MOH, 15 patients with EM and 17 HCs underwent a resting-state fMRI acquisition in order to explore intrinsic FC.
MRI acquisition
Conventional MRI scans were obtained using a 3 Tesla scanner (Achieva, Philips Medical System, the Netherlands) with a conventional quadrature head coil. Anatomical high-resolution MRI volumes were acquired in a transverse plan for each subject using a three-dimensional (3D) T1 magnetization-prepared 180 degree radio-frequency pulses and rapid gradient-echo (MPRAGE) weighted sequence with the following parameters: repetition time (TR) ¼ 8.2 ms, echo time (TE) ¼ 3.5 ms, 7-degree flip angle, field of view (FOV) 256 Â 256 Â 180 mm to cover the whole brain, yielding 180 slices, voxel size 1 Â 1 Â 1 mm 3 .
Whole-brain fMRI data were acquired with T2*-field-echo echo planar imaging (EPI) (FEEPI) single-shot sequence (axial, mode The ''rest condition'' fMRI session lasted six minutes and 52 seconds (5800 images), during which subjects were instructed to lie still with eyes closed, to be relaxed, but to remain awake.
Data processing
Anatomical data. MRI images were analyzed using the optimized approach of voxel-based morphometry (VBM) developed by Good et al. (25) . This is a fully automated whole-brain technique that provides a voxel-wise assessment of regional cerebral matter. Here, we focused the analysis on gray matter based on the hypothesis that FC would be related to regional gray matter.
Functional data. Spatial, timing preprocessing and statistical analysis of functional images were performed using SPM8 (Wellcome Department of Cognitive Neurology).
Statistical analyses
Demographic analysis. Variables common to MOH and EM (duration of disease and number of acute medications taken in a month) were analyzed with t tests for independent samples whereas variables common to the three groups (age, level of education, depression scores) were analyzed with analysis of variance (ANOVA).
Morphometric analysis. Voxel-by-voxel analysis of covariance (ANCOVA), with total intracranial volume (TIV) as a nuisance factor, was used to detect regional gray matter differences between patients with MOH and EM and HCs. A threshold of p < .05 false discovery rate (FDR) corrected was used to control for multiple comparisons. Simple regressions were also computed in order to identify relationships between regional gray matter volumes and clinical/behavioral variables. A significance threshold of p < .001, uncorrected for multiple comparisons, was used for correlational analyses. Brain areas showing significant results were identified with the AAL toolbox (26) .
FC analysis. We used resting-state FC analysis for each group separately to explore the intrinsic connectivity between the precuneus, the pivotal area of the DMN, with all other brain regions. The left precuneus was used as the seed for all analyses, as this area is functionally connected not only to the DMN, but also to other functional networks (27, 28) . Moreover, this region was found anatomically altered in MOH patients (5) . FC of the precuneus is known to be lateralized (29) and the right and left precuneus are differentially sensitive to aging (30) and diseases (31, 32) , with the left precuneus being more sensitive in right-handed subjects. We thus focused all analyses on left precuneus as all our subjects were right-handed.
The seed-based approach permits the creation of individual FC maps; in this study using the precuneus region as the seed supposedly led to generate maps for each individual that include the default-mode network (See Figure 1) .
Second, two-sample t tests are used for comparing FC maps of the two groups in the between-groups analyses.
More detailed methods are provided in the Supplemental Material section online. Table 1 shows the demographic and clinical characteristics of the subjects included in the VBM and FC analyses. Fifty-two subjects were included in the VBM analyses. Age, sex and levels of education did not differ across groups. Duration of migraine (in years) was not different between MOH and EM groups. The mean number of acute headache drugs taken per month by MOH patients (82.0 AE 89.8, range: 16-360) was significantly higher (p < 0.001) than the amount taken by the EM group (6.6 AE 5.2, range: 1-16). Their self-evaluation of medication dependence, assessed with the MDQ-H, was significantly higher than in the other groups (p < 0.001). Depression (BDI), anxiety (STAI) and PCS scores were significantly higher in MOH patients than in the other groups of subjects (p ¼ 0.01). The BIS and the global performance in the IGT did not differ across groups. Forty-one subjects were included in the FC analysis. Descriptive statistics did not reveal any difference for age, sex and level of education. Duration of migraine was similar for EM and MOH, but both the mean monthly number of headache medications (p < 0.001) and the medication-dependence score (p < 0.001) were significantly different between the two groups. Depression, anxiety and PCS scores were significantly different among the three groups (p ¼ 0.016, 0.009 and p < 0.001, respectively). The BIS and the global performance in the IGT did not differ across groups. Demographical and clinical variables were also compared between MOH patients included in the VBM analysis and MOH patients included in the FC group. Wilcoxon tests did not reveal any difference concerning demographic variables (age, sex and level of education), clinical features (migraine duration, medication intake, medication-dependence score, depression score) or behavioral tests (anxiety score, PCS score, impulsivity score and IGT performance). Similarly, there was no significant difference for any demographic or clinical variable between EM patients included in the VBM analysis and those recorded for FC.
Results

Study population
In 
Between-groups comparisons of brain imaging data
Between-groups comparisons for VBM failed to detect significant differences. By contrast, intrinsic FC significantly differed between groups for several brain areas ( Table 2 ). Compared to HCs, MOH patients had decreased connectivity between the left precuneus and right frontal cortex, right angular gyrus, left postcentral and supramarginal gyri, while connectivity was increased with the right hippocampus, left cuneus and fusiform gyri ( Figure 2 ). Compared to EM, MOH patients had decreased connectivity between the left precuneus and right middle frontal gyrus, right precuneus, left inferior parietal gyrus and left cerebellum 4_5. The right hippocampus, fusiform gyrus and superior temporal gyrus, as well as the right precentral gyrus, had a greater connectivity with the left precuneus in MOH than in EM. Groups' differences of FC between the precuneus and the hippocampus, the cuneus and the fusiform regions do not correspond to an increase of a positive connectivity being present in controls but rather to a switch from negative connectivity in controls (see Figure 1 ) to positive connectivity in MOH. It is noteworthy that whereas positive connectivity at the group level is not significant between these regions in MOH, the between-groups difference appears to be strongly significant.
Correlations between brain imaging data and clinical or behavioral features
Migraine duration. While duration of migraine did not differ between the MOH and EM groups (Table 1) , VBM analysis confirmed differential effects of migraine duration on gray matter volumes in each group. More precisely, the negative correlation between gray matter volumes and migraine duration was enhanced in MOH within frontal areas (bilateral orbito-frontal, left superior frontal gyrus) in comparison to EM patients. The same effect was also observed within the left precuneus, the right caudate and right hippocampus. The opposite effect (i.e. reduced effect of migraine duration on gray matter in MOH) was not observed.
In MOH patients, we found a negative correlation between migraine duration and left precuneus connectivity with right orbito-frontal, middle frontal and right superior parietal gyri, but a positive correlation between duration and left precuneus connectivity with bilateral temporal (inferior and superior), fusiform and right middle temporal gyrus.
Pain catastrophizing. As shown in Table 1 , PCS scores were significantly higher in MOH patients than in EMs or HCs.
On VBM analysis of MOH patients, higher PCS were correlated with lower gray matter values in the left middle frontal gyrus, left putamen, right cuneus and left calcarine area. The opposite, i.e. a positive correlation, was found for the cerebellum_8 and right midoccipital gyrus.
PCS in MOH were negatively correlated with FC between the left precuneus and right precuneus, left cuneus and cerebellum 4_5, but positively correlated with connectivity between precuneus and right superior medial frontal cortex and right amygdala. Medication dependence. In the left inferior orbito-frontal, right mid-temporal, fusiform gyrus and temporal pole, left mid-temporal, fusiform/parahippocampal, left supramarginal gyrus and left mid-occipital gyrus of MOH patients, gray matter volume was negatively correlated with self-evaluation of medication dependence as assessed by the MDQ-H score, which was significantly higher in MOH than in EMs or HCs. By contrast, gray matter in the left superior parietal gyrus was positively related to MDQ-H scores in MOH.
Regarding FC, MDQ-H scores in MOH were negatively correlated with connectivity between the left precuneus and left hippocampus and Rolandic operculum. MDQ-H score was positively correlated with FC between the left precuneus and bilateral medial superior frontal, left inferior orbito-frontal and inferior frontal, right Rolandic operculum, bilateral inferior temporal gyrus, right putamen, pre-and postcentral and right superior parietal.
We also searched for a relationship between the variable ''number of pills/month'' and gray matter volumes or FC at rest. We found a negative relationship between number of pills and gray matter volume in the right inferior temporal cortex.
Connectivity at rest with the left precuneus was positively related to the monthly number of pills in the bilateral superior frontal cortex, right inferior frontal cortex, left superior temporal cortex, bilateral middle temporal cortex, and bilateral hippocampus (see Figure 3 ). This correlation was, however, negative for the left middle frontal cortex, and insula.
Depression scores. A negative correlation was found between depression scores and gray matter volumes in the right superior frontal gyrus, right angular gyrus, left cerebellum 4_5 and vermis. There was no significant relationship between depression scores in MOH patients and FC data.
Anxiety scores. A positive correlation between anxiety scores and gray matter volume was found in the right anterior cingulate, middle temporal, right calcarine area, left precuneus, and left mid-occipital gyrus. The correlation was negative in the right cerebellum_8.
A significant negative correlation was found between anxiety scores and resting-state FC in MOH patients. The less connected the precuneus with the right medial frontal cortex, the higher the anxiety score of MOH patients.
Discussion
MOH is due to the aggravation of pre-existing headache disorder, most often EM, by overconsumption of analgesics or acute anti-migraine drugs. It is characterized by chronic headache and compulsive medication use by patients. Its underlying mechanisms are still unknown. Both frequent headache and medication intake, however, can result in morphological or functional brain alterations (4, 5) . In the present study, cerebral VBM and resting-state FC were analyzed and compared in three distinct groups of subjects, MOH and EM patients as well as HCs, and related to clinical and psycho-behavioral features in the pathological groups. This should allow distinguishing brain changes related to migraine, to comorbid mood disturbances, and possibly to medication overuse. Compared to that of HCs, FC with the left precuneus of MOH patients was decreased in pain processing regions (right frontal cortex, angular gyrus, left postcentral and supramarginal gyri), but increased in memory processing areas (right hippocampus, left superior frontal cortex and left fusiform gyrus). When compared to EM, MOH patients displayed altered FC within the DMN evidenced by the decreased connectivity between the precuneus and right middle frontal cortex or left parietal cortex, together with increased connectivity between the left precuneus and regions involved in memory processing such as the hippocampus, temporal cortex and fusiform gyrus (33) . To the best of our knowledge, this is the first report of abnormalities in functional brain connectivity in MOH patients. The abnormal findings concern three distinct networks: the pain processing network, the DMN and the memory processing network. Here, we found that decreased connectivity between the left precuneus and the pain processing areas was associated with migraine in the MOH group relatively to HCs, but not when compared to EMs. Even though the absence of significant results does not infer absence of effect, decreased connectivity within pain processing might be specifically related to migraine. On the contrary, the decreased connectivity within the DMN and the increased connectivity of the precuneus area with a memory processing network at rest seem to be more specific to MOH, as both results were also found when MOH was compared to EM.
Contrasting with FC analyses, between-group VBM comparisons failed to detect significant differences of gray matter volumes. This would suggest that the connectivity analysis is able to detect early and discrete functional modifications that are not underlain by gray matter changes. Alternatively, the lack of gray matter changes in this study may be due to poor statistical power, induced by heterogeneity or small size of the subject groups. Also, structural alterations might be present on a microstructural level and therefore not be detectable with the methods used in this study. Several morphometric MRI studies in EM have reported gray matter volume decreases in areas belonging to the ''pain'' matrix, in particular in the anterior cingulate cortex and mid frontal gyrus (34) . Gray matter volume or cortical thickness were found increased in EMs in the head area of the primary somatosensory cortex (35) and in the visual motion area (36) . Conversely, other studies found no structural differences with morphometric MRI between EMs and HCs (6, 37) . Resting-state connectivity in the executive frontal network was found to be abnormal in a recent study of EM patients, but no VBM changes were detected (8) .
When comparing EM patients with low (one to two migraine days/month) or high (eight to 14 migraine days/month) attack frequency, Maleki et al. (38) found increased tissue volume, functional activation and connectivity with pain or sensory processing areas in the primary somatosensory cortex and temporal lobe in high-frequency migraine. A recent study of MOH patients (5) reported decreased gray matter volumes in orbitofrontal and anterior cingulate cortices, insula, precuneus contrasting with increased volumes in periaqueductal gray matter, thalamus and ventral striatum.
In our study, intrinsic FC in MOH patients was modified in proportion to the duration of migraine, as reflected by the duration-correlated reduction of fMRI signal synchronization between the left precuneus and right frontal (orbito-frontal and middle frontal) and superior parietal gyri. Moreover, migraine duration positively correlated with reduced gray matter volume of frontal areas, indicating that in MOH these areas are duration sensitive at the functional and structural levels. On the opposite side, migraine duration was correlated with increased connectivity between the precuneus and bilateral temporal lobes in MOH. The fact that such correlations were not found in EM patients and that disease duration was similar between EM and MOH, suggests that duration of the disorder per se may not be the determining factor for the connectivity changes, but rather frequency of migraine headaches and number of acute medications taken, both of them being clearly higher in the MOH group.
In addition to the reduced connectivity between components of the DMN, MOH patients also had a reduction in FC between the precuneus and painrelated areas, such as the postcentral and supramarginal gyri. This finding is in line with those showing reduced fMRI pain-related activity (16) and hypometabolism (4) in patients with MOH. While acute pain such as a migraine attack (39, 40) or painful stimuli in healthy volunteers (41) usually produce a blood flow increase, in chronic pain conditions like neuropathic and central pain (42) the regional blood flow in these areas tends to be decreased. This difference in painrelated changes has been attributed to inhibitory compensatory mechanisms occurring during the transition from acute to chronic pain (43) .
Pain perception depends both on physiological and psychological factors. One typical trait of MOH patients is a high level of pain catastrophizing. This trait was associated with reduced FC between the left precuneus and other DMN areas, and increased connectivity with the amygdala, which is known to participate in emotions control. These data suggest that in MOH the functional networks underlying pain catastrophizing differ from those involved in pain processing, which is not the case in HCs (44) . Inverse correlations of gray matter volumes with high PCS scores partly mirrored the resting-state fMRI data, as they were found in the frontal cortex and cuneus of MOH patients. It is unlikely that reduced FC within the DMN accounts for enhanced pain catastrophizing in MOH patients, as previous studies have demonstrated on the contrary that ruminative responding is associated with dominance of the DMN over other networks (45, 46) . The abnormal connectivity of the amygdala, however, could participate in increased pain sensitivity in MOH patients, as such a correlation was reported in depression (47) .
Loss of control on medication intake is a central feature in many MOH patients (17) , which makes them abusers of painkiller drugs. This is confirmed in our study both by the high number of pills taken per month and by the score on the MDQ-H (23), which was clearly higher in MOH than in EM patients. The MDQ-H score correlated with increased FC between the precuneus and frontal cortices, as well as with reduced gray matter volume in orbitofrontal cortex. Gray matter volume in orbitofrontal cortex was also negatively correlated to migraine duration, suggesting that repetitive and frequent exposure to migraine headaches and/or medication (17) may be associated with structural changes in the orbitofrontal cortex. Several studies have reported functional orbitofrontal changes in MOH (4, 48) . The role of the orbitofrontal cortex in medication overuse or drug addiction is, however, a complex issue (18, 49) , and it is still unclear whether orbitofrontal changes depend on prolonged exposure to medication or ''reflect an underlying liability to medication overuse'' (4) . For cocaine addiction, it was suggested that exposure to the drug disrupts decision-making processes from model-based to model-free control systems, leading from cognitively controlled use to inflexible and compulsive ''drive'' toward consumption (49) . This may not hold for anti-migraine drugs, but it was reported that overuse of combination analgesics, usually comprising psvchotropic drugs, was associated with a more severe hypometabolism of the orbitofrontal cortex in MOH (4) .
Increased FC between the precuneus and hippocampus in MOH patients compared to HCs and EMs, may contribute to the maintenance of medication overuse. Higher functional synchronization at rest may indeed indicate that MOH patients are ''rehearsing'' rather than ''resting,'' which would contribute to the compulsive ''drive'' toward medication consumption (50, 51) . The psychobehavioral test results in the sample of patients studied here confirm that behavioral patterns resembling dependent state may play a pivotal role in MOH (17) . This and previous studies suggest that these behavioral patterns may depend both on functional and morphological changes in the orbitofrontal cortex and hippocampus.
To conclude, our study is the first to characterize whole-brain resting-state functional networks in MOH, in combination with a morphometric analysis. The major findings are that MOH patients have a specific alteration of connectivity within the default-mode network, as well as an increased connectivity between the precuneus and hippocampal/temporal areas. These data indicate that MOH is a complex disorder associated with abnormalities in various functional brain networks. The underlying mechanisms are still unknown, and our study indicates that changes in gray matter volume may only partly explain them. Based on the correlations we found in MOH patients between gray matter volumes and duration of the disease, we speculate that FC changes might precede morphological alterations. Further research, such as prospective longitudinal studies and diffusion imaging of specific brain networks, are needed to unravel the temporal relationship between functional and structural changes in this devastating headache disorder.
Clinical implications
. Medication-overuse headache (MOH) patients have an altered functional connectivity at rest in pain processing networks when compared to healthy subjects, and in the default-mode and memory processing networks when compared to subjects with episodic migraine. . Alterations in pain processing networks might be due to long-lasting pain processes; alterations in defaultmode and memory networks could be related to addiction-related processes. . No morphological between-groups differences, but gray matter volumes in frontal regions, are related to migraine duration. . Impaired functional connectivity might precede alteration in morphology. . Taking into account addictive processes probably involved in MOH might help to improve patient care.
